Commencement of the Gravity Recovery and Climate Experiment (GRACE) provides an alternative way to monitor changes in terrestrial water storage (TWS) at large scales. However, GRACE dataset spans from 2002 to present, which greatly limits the application of GRACE data for long-term hydrological studies. Thus, the general linear model (GLM), random forest (RF), support vector machines (SVM), and artificial neural networks (ANN) methods were used to reconstruct the time series of terrestrial water storage anomalies (TWSA, i.e., remove the average value from the time series) in Northwest China (NWC) during 1948-2002 based on the GRACE TWSA during 2003-2015 and hydrological data from the Global Land Data Assimilation System (GLDAS) during 1948-2010. The
that the glaciers on the Asian Alps decreased at a rate of 6.1 × 10 10 tons/a by taking the variation of gravity field and glacial isostatic adjustment (GIA) into consideration for calculating changes in glacier storage. Feng et al. () found that groundwater level displayed a decreasing trend in the North China Plain, at the speed of 1.1 cm/a, which was consistent with the GRACE data. Cao et al. () proposed the method that depicts accurately the drought events during 2009 in NWC, based on the comparison of the results with the standard precipitation index (SPI). Oliveira et al. () proposed that the TWS in the northeast of the Brazilian Cerrado had an upward trend during 2003-2010 by combining water balance variables with GRACE data.
The Global Land Data Assimilation System (GLDAS) was developed as a joint project of the Goddard Space Flight Center (GSFC) of NASA, and the National Center for Environmental Prediction (NCEP) of the National Oceanic and Atmospheric Administration (NOAA). Its land surface process models are driven using both surface observations and satellite remote sensing data. After the model simulations and data assimilation, global surface state variables (e.g., SM, and surface temperature) and flux data (e.g., evaporation and heat flux) are generated (Ghazanfari et al. ) . Meanwhile, GLDAS products have been widely used in the study of global change and the water cycle, as well as for the comparative analysis of many satellite remote sensing products (e.g., MODIS and GRACE) (Proulx et al. ; Yang et al. ) . The earliest GLDAS products are for 1948, which is valuable in researching changes in hydrological variables over the long term.
Although GRACE was proven to be a useful tool for measuring changes in TWS from regional to global scales, a shortcoming is that the time span of the data is just over a decade (2002 to the present) , which greatly limits its appli- using commonly available hydro-meteorological data (e.g., precipitation and temperature). These reconstructed TWS data were then used to investigate drought and flood In spite of previous efforts, there is no research about the extension of TWSA and the relationship between TWSA and atmosphere circulation in NWC over the past several decades. The objective of this study is to apply a general linear model to reconstruct the TWSA in NWC from 1948 to 2003 by applying GRACE and GLDAS data. The best reconstructed TWSA series is then selected by comparing to the different criteria, and the best hydrological variable or combination is determined. Finally, the best hydrological variable or combination is used to reconstruct TWSA in NWC through the advanced methods (i.e., random forest (RF), support vector machines (SVM), and ANN).
STUDY AREA AND DATA
The study area covers NWC (73 E to 120 E and 30 N to 50 N; Figure 1 ) with an area of more than 3.3 × 10 6 km 2 , which accounts for more than 25% of the total area of between the ocean and the study area and its surrounding mountains, regional climates are of arid and semi-arid types, with potential evapotranspiration greatly exceeding precipitation in some parts of the region (Cao et al. ) .
The annual precipitation in NWC is less than 300 mm, except for the Yili River Basin where annual precipitation is about 700 mm. Temperatures warm up quickly in spring, and are highest in summer and lowest in winter (À2 C to prevail here in winter and spring, dust is distributed and deposited in NWC (Cao et al. ) .
Under the impacts of human activities in the past several decades, especially the groundwater exploitation, the region is seriously threatened by diminishing water resources (Cao requires an accurate evaluation of the regional water resources, including the temporal evolution of water storage.
GRACE data
There are three organizations (the University of Texas Center for Space Research (CSR), USA, the Jet Propulsion Laboratory (JPL), USA, and Geo Forschungs Zentrum (GFZ), Potsdam, Germany) that provided the GRACE data based on different algorithms for calculating TWSA (available at http://grace.jpl.nasa.gov/). Here, the GRACE Level-3 RL05 data, which are based on the GRACE Level-2 RL05 spherical harmonics coefficients with truncation at 60th degree and order, were applied. C2 0 coefficients (the spherical harmonics coefficients at second degree and zero order) were replaced with satellite laser ranging (SLR) estimates, and the monthly equivalent water height (EWH) anomalies were obtained by removing the monthly averaged EWH during 2004-2009 from that during 2003-2015. The non-atmospheric mass variation, estimated degree-1 coefficients, destriping filter, and Gaussian filter with 300 km smooth radius were all included in the data processing of the GRACE Level-3 RL05 (http://grace.jpl.nasa.gov/data/ get-data/monthly-mass-grids-land/). The spatial resolutions of the GRACE data used here are 1 × 1 , and the temporal resolutions monthly. Detailed information on the data processing of the GRACE Level-3 RL05 was reported by Landerer & Swenson () . In addition, the missing data were estimated using linear interpolations. Finally, the GRACE Level-3 RL05 data on TWSA from January 2003 to June 2015 were obtained for the following analysis.
GLDAS data
GLDAS provides hourly and monthly state and flux variables with multiple spatial resolutions (e.g., 1 × 1 , 0.25 × 0.25 ) (Rodell et al. b) . Except for the Noah model, which is with the spatial resolutions of 1 × 1 used in this study of changes in storage based on water balance calculations (e.g.,
In this study, the GLDAS product spans the period from 1948 to 2010. To allow comparability, the hydrological variable anomalies from GLDAS were processed in a similar way to the TWSA from GRACE. First, the anomalies of the hydrological variables were obtained from GLDAS by removing monthly averages of these variables during [2004] [2005] [2006] [2007] [2008] [2009] from the datasets during the 1948-2010 datasets. In addition, the missing values in the south polar were replaced with 0. Then, the TWSA was expanded to spherical harmonic coefficients at the 60th degree and order, smoothed with a Gaussian filter of 300 km smooth radius, and summed the smoothed harmonic coefficients into area density data.
Sea surface temperature (El Niño 3.4 index)
The sea surface temperature (SST) in the eastern tropical Pacific, ranging from 5 N to 5 S and from 120 W to 170 W, is 
METHODS The Gaussian filter weight function
After the expansion of TWSAs to spherical harmonic coefficients at the 60th degree and order, the data were smoothed with a Gaussian filter of 300 km smooth radius. The Gaussian filter weight function is expressed by Equation (1):
where b is equal to ln2/(1Àcos(r 1/2 /a)), and r 1/2 and a are the Gaussian filter smooth radius and the radius of Earth.
The general linear regression model Nie et al. () found that there were good linear relationships between some hydrological variables of GLDAS and TWS of GRACE in the Amazon River Basin. Therefore, we attempted to use a linear regression model to reconstruct the TWSA from the processed hydrological variables of GLDAS, based on the following equation: 
Performance criteria
The reliability of the linear model was assessed using two criteria; the Nash-Sutcliffe efficiency (NSE) and the mean absolute error (MAE):
where O i and O ave are the GRACE-based TWSA observation and the average TWSA from GRACE and GLDAS, y is the reconstructed TWSA by linear regression model, and n is the number of data points. 
Removal of seasonal variations
where A In this study, the advanced reconstruction models were applied to reconstruct TWSA after the determination of the optimal hydrological variables or combination based on the linear regression model at grid scale. Then, the optimal reconstruction method was analyzed and determined through the traditional assessment indexes and determined hydrological variables. Meanwhile, the MAEs between reconstructed anomalies of P, E, SM, SWE, SM þ SWE þ CW, P À E, P À E À Q sr , P À E À Q sb and the originals were closer to 0 than the others, suggesting that these reconstructed GLDAS-based anomalies were more suitable. Additionally, Figure 7 The anomalies of P, SWE, P À E, P À E À Q sr , and P À E À Q sb can be regarded as the five best reconstructed GLDAS-based TWSAs. However, to some degree, the level of the original GLDAS-based TWSAs would affect the MAEs between these and the reconstructed GLDASbased TWSAs. Consequently, the hydrological variables Table 1 . Therefore, these two series are considered better reconstructed than the other reconstructed TWSAs. Based on the previous detection, the combination of SM þ SWE þ CW was applied to reconstruct the TWSA in NWC through the advanced methods (i.e., RF, SVM, and ANN) ( Figure 9 ), and it revealed that the RF was the most optimal reconstructed method.
RESULTS AND DISCUSSION
Comparison between the best reconstructed TWSA from GLDAS and the SST during 1948 SST during -2002 As shown by previous studies, long-term hydrological pro- 1957, 1965, 1978, 1986, 1992, 1995, 1997, and 2009 was associated with drought events in NWC. The similarity between this study and that of Nie et al. () was that the reconstructed TWSA was consistent with SST or SOI. On the contrary, the differences were that the recon- 
CONCLUSIONS
TWS is an important hydrological variable that links to various hydrological and land surface processes. The TWSAs 2. Taking correlation coefficient, NSE, and MAE into account, SM and SM þ SWE þ CW can be applied to reconstruct TWSA in NWC well. Furthermore, random forest was the most optimal method to reconstruct TWSA in NWC based on the combination of SM þ SWE þ CW among the three advanced methods (i.e., RF, SVM, and ANN).
3. Despite the uncertainties of the GRACE data, significant positive TWSA was found during periods related to the periodicity of the ENSO. We concluded that the significant increases in SST anomalies of at least six continuous months (!0.5 C) (El Niño events) were associated with negative TWSAs, while the significant decreases of at least six continuous months ( À 0.5 C) (La Niña events)
were associated with the positive TWSAs. In spite of the imperfect result shown in the study, it could solve the problem of the reconstruction of TWSA to some degree.
